This report demonstrates high-performance infrared phototransistors that use a broad-band absorbing organic bulk heterojunction (BHJ) layer responsive from the visible to the shortwave infrared, from 500 to 1400 nm. The device structure is based on a bilayer transistor channel that decouples charge photogeneration and transport, enabling independent optimization of each process. The organic BHJ layer is improved by incorporating camphor, a highly polarizable additive that increases carrier lifetime. An indium zinc oxide transport layer with high electron mobility is employed for rapid charge transport. As a result, the phototransistors achieve a dynamic range of 127 dB and reach a specific detectivity of 5 × 10 12 Jones under a low power illumination of 20 nW/cm 2 , outperforming commercial germanium photodiodes in the spectral range below 1300 nm. The photodetector metrics are measured with respect to the applied voltage, incident light power, and temporal bandwidth, demonstrating operation at a video-frame rate of 50 Hz. In particular, the frequency and light dependence of the phototransistor characteristics are analyzed to understand the change in photoconductive gain under different working conditions.
■ INTRODUCTION
Organic semiconductors offer highly tunable optoelectronic properties and the advantages of economically large-area deposition and low-temperature processing. In particular, solution-processed semiconducting polymers are being developed, which extend the spectral range of these materials beyond the visible, to enable scalable large-area photodetectors responsive to near-infrared (NIR: 0.75−1 μm) and shortwave infrared (SWIR: 1−3 μm) radiation. 1, 2 Infrared light detection provides additional information beyond visible light in biomedical and military applications, as infrared light can offer higher contrast and deeper penetration depth compared to visible wavelengths. 3 As the band gap of the materials is further reduced for infrared detection, 4, 5 the device performance becomes increasingly restricted by the nonradiative recombination 6, 7 of photogenerated carriers. Charge recombination may occur during the exciton dissociation step or during charge transport, and optimization of each step is desirable but complicated in bulk heterojunction (BHJ) architectures. In BHJ photodiodes, a large interfacial area between the donor and acceptor components facilitates exciton dissociation into free carriers, which must then navigate interpenetrating donor and acceptor phase-separated domains to reach their respective electrodes. The nature of the interfaces, structural and energetic heterogeneities, and disordered domains impede carrier transport within these systems. As such, it has been challenging to address the conflicting requirements in a single active layer. 8−12 As an alternative, bilayer phototransistor structures 13−19 are being designed to decouple both materials and processes associated with charge photogeneration and transport to improve device performance.
The phototransistor structures here address the recombination issue and enhance photoconductive gain using separate layers for charge photogeneration and transport. Phototransistors use the applied electric field from the gate electrode to promote photoconductive gain. The gain mechanism 20−23 originates from trap states within the semiconductor band gap.
After photogeneration of electron−hole pairs, one carrier type is captured and localized in the traps. The opposite carrier type is collected and also injected under bias between the source and drain electrodes, due to the electric field from the trapped charges. Within the trapped carrier lifetime, injected carriers circulate multiple times, leading to amplification of the photocurrent and external quantum efficiency (EQE) exceeding 100%. The photoconductive gain is proportional to the ratio of τ trap /τ transit , where τ trap is the trapped carrier lifetime and τ transit is the transit time across the transistor channel. Thus extending the carrier lifetime and reducing transit time are needed to increase gain.
In our bilayer phototransistors, the photogeneration materials are chosen to be responsive to infrared wavelengths (λ) out to 1400 nm. Compared to inorganic semiconductors, organic semiconductors show relatively small permittivity, 24, 25 which is inversely proportional to the exciton binding energy and affects charge generation. Since the probability of recombination increases in narrow band-gap IR materials, here, we tune the organic BHJ layer with a high-permittivity molecule camphor 26, 27 to assess whether the polarizable additive would stabilize photogenerated charge and improve carrier lifetimes.
In our system, the photogenerated holes are trapped in the BHJ, while electrons circulate in the transport layer consisting of inkjet printed indium zinc oxide (IZO), 28, 29 which offers higher mobility than organic materials and the potential for low-cost, large-area integration in pixelated imagers. 13, 30 The key photodetector characteristics, including temporal bandwidth, detectivity, photoconductive gain, and dynamic range, are analyzed for two compositions at various operational voltages and bandwidths. To ensure correct characterization, we pay attention to the frequency and light dependence of the phototransistor characteristics, to understand the change in photoconductive gain under different working conditions. This novel IR phototransistor design is shown to exceed the performance of commercial vacuum-processed germanium photodiodes at video rate spanning the visible to the shortwave IR (500 < λ < 1300 nm) under low light illumination.
■ RESULTS AND DISCUSSION Figure 1a shows the chemical structures of the materials in the BHJ layer, which includes a blend of a narrow band-gap IR absorbing polymer (poly(4-(5-(4-(3,5-bis(dodecyloxy)benzylidene)-4H-cyclopenta[2,1-b:3,4-b′]dithiophen-2-yl)thiophen-2-yl)-6,7-dioctyl-9-(thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-g]quinoxaline)) as the donor 26 and [6, 6] phenyl-C 71 -butyric acid methyl ester (PC 71 BM) as the acceptor. The donor-to-acceptor ratio is 1:2 by weight, and devices are fabricated with or without camphor as the highpermittivity additive. Camphor is an insulating organic molecule, and adding it to the BHJs has been shown to increase the dielectric constant of BHJs and facilitate charge dissociation, 26, 27 which, in particular, is a bottleneck for organic infrared devices (less so for wider band-gap photov o l t a i c s ) . F o r fi l m s w i t h c a m p h o r ( 1 , 7 , 7trimethylbicyclo[2.2.1]heptan-2-one((±)-camphor)), the weight percentage of the additive is 23%. 27, 31 The atomic force microscopy measurements in Supporting Information Figure S1 show that the BHJ film morphology change on the surface is not observed upon adding camphor. The absorption spectra of BHJ materials show no significant spectral shift upon camphor addition. The BHJ absorption spectra and electrochemical measurements used to determine the polymer energy levels are included in the Supporting Information ( Figure S1 ). Figure 1b illustrates the phototransistor structure in a bottom-gate, top-contact configuration. The effective mobility of IZO transistors before BHJ deposition is measured to be 0.83 ± 0.07 cm 2 /(V s) at saturation, as shown in Supporting Information Figure S2 . The energy band diagram for the combination of a BHJ layer on top of an IZO transport channel is depicted in Figure 1c . IZO is a wide band-gap material that does not show photoresponse in the IR (Supporting Information Figure S2 ), and the organic BHJ is responsible for infrared photogeneration. Under illumination, incident photons generate excitons, which are dissociated into electrons and holes at donor−acceptor interfaces in the BHJ. Due to the energy barrier for holes, holes are trapped 14, 32 in the BHJ, while electrons are spontaneously transferred to the IZO channel (schematics in Supporting Information Figure  S2 ). As a result, injected electrons circulate multiple times across the transistor channel until the holes recombine, inducing photoconductive gain. Figure 1d shows the current−voltage characteristics of the BHJ−IZO phototransistors. The phototransistor output characteristics and comparisons to alternative device structures, such as a single-layer BHJ without IZO, or a planar junction instead of a BHJ, are included in Supporting Information Figure S3 . In the dark, the BHJ−IZO devices show a similar turn-on voltage V on = −10 V, with or without camphor. On the other hand, under λ = 940 nm irradiation of 50 mW/cm 2 , the V on shifts in the negative direction due to trapped holes, changing by 40 V for the device with camphor and by 34 V for the one without camphor. The photocurrent, which is I ph = I light − I dark , is higher for the device with camphor across all gate voltages.
To investigate how the camphor additive increases photocurrent, the phototransistors are analyzed through electrochemical impedance spectroscopy under different illumination power, as shown in Figure 2a ,b. The source and drain electrodes are connected to the potentiostat, while a sinusoidal waveform with a 100 mV amplitude is applied over a frequency range of 100 Hz to 2 MHz. These measurements do not differentiate between electrons and holes and report their average lifetime before recombination. The Nyquist plots are fitted to an equivalent circuit 33 with components of shunt resistance R shunt and capacitance C in parallel, which are in series with series resistance R series . The fit values of R shunt × C are estimates of the carrier lifetime, displayed in Figure 2c . The carrier lifetime is consistently longer in the BHJ with camphor than in the film without camphor, in agreement with prior work 25, 26 that high-permittivity environment can stabilize free carriers. Furthermore, in the following analysis, we will characterize the effects of camphor additives on improving photoconductive gain.
Characteristics with Respect to Sampling Frequencies. The photocurrent in Figure 2d ,e shows the effects of photoconductive gain with time, as incident light pulses are modulated at different temporal frequencies. When the light source is switched on and off at 1 kHz in Figure 2e , the photocurrent shows a monotonic rise and fall. The I ph is amplified by the photoconductive gain mechanism due to the trapped holes in the BHJ. Due to the electric field from the trapped holes, electrons are injected into the transistor channel, resulting in a circulation of electrons that amplify the photocurrent over time.
The photoconductive gain is proportional to the light pulse duration. At a slow frequency of 1 Hz in Figure 2d , the photocurrent reaches a plateau, and the maximum gain is dictated by the equilibrium between the circulation time of injected electrons and the detrapping time of photogenerated holes. In the dark, the bilayer transistors show a rise/fall time of <150 μs, as V DS is switched (Supporting Information Figure  S4 ). Thus, the charging/discharge time of the transistor channel is significantly shorter than the recirculation time [in tens of milliseconds in Figure 2d ,e] due to photoconductive gain, and the photocurrent is not influenced by the charging time.
The phototransistors are operated at a certain duty cycle. The on−off duty cycle will be chosen depending on the application requirements; if the low frequency is allowed, the longer time period will allow the electrons to recirculate more rounds and increase the photoconductive gain until an equilibrium is established between electron recirculation and hole detrapping, as shown in Figure 2d . As the photocurrent is the difference of I ph = I light − I dark , the drift in dark current due to bias stress 14, 32 does not significantly affect the differential signal. The percentage change of photocurrent over 10 min is determined to be less than 5% in Supporting Information Figure S5 , indicating stable photodetecting performance.
The external quantum efficiency (EQE) increases with lower light modulation frequency as seen in Figure 2f . The EQE is calculated from the equation
where h is Planck's constant, c is the speed of light, q is the charge, P inc is the incident light power, λ is the incident light wavelength, and R = I ph /P inc is the responsivity in the unit of ampere per watt. The photocurrent I ph is the value at the end of an illumination cycle. The EQE starts to decrease around 50 Hz, as there is less time for electrons to recirculate and amplify the photocurrent through photoconductive gain. Nonetheless, the roll-off frequency of 50 Hz allows video rate recording. In general, the photocurrent measured in Figure 2 increases with camphor additive, because the trapped holes show longer lifetime and lead to a higher electric field than in devices without camphor. As a side note, it is observed that the photocurrent rise/decay time in temporal responses is different by an order of magnitude from the carrier lifetime obtained from the Nyquist plots. Carrier lifetime in Figure 2a ,b only reflects the time taken for excess carrier recombination via band-to-band or trap-assisted recombination. In devices with photoconductive gain, the photocurrent decay time is determined by the detrapping time of the trapped carriers, which is at a longer time scale than recombination. 23, 34 While a long τ trap can result in persistent photoconductivity, switching the gate bias to recombine the trapped charges 30 will increase the refresh rate.
Characteristics with Respect to Applied Voltages. In addition to dependence on the operational frequency, the photocurrent and EQE are dependent on the applied gate bias V GS . As the phototransistor gate bias switches the channel from the depletion to the accumulation regime, the EQE increases up to ∼1000%, as shown in Figure 3a . In the accumulation regime, the positive gate bias attracts electrons to the IZO channel, resulting in high effective mobility and raising photocurrent. In the depletion regime, the negative gate bias depletes the IZO channel, lowering the mobility and photoconductive gain. The photocurrent is shown to be linearly proportional to source−drain bias V DS (Supporting Information Figure S6 ), complying to the relation 13 where A is the photosensor area, G 0 is the generation rate, μ is the effective field-effect mobility in the IZO channel, and L is the channel length. The transit time τ transit can be reduced by decreasing the channel length or increasing the mobility or source−drain bias. The lower bound for τ trap is the carrier lifetime in Figure 2c . Compared to the device without camphor, the phototransistor with camphor retains trapped holes longer, leading to higher EQE across the spectral range. Higher V GS increases EQE but also the dark current noise, as seen in Figure 3b . There is negligible difference in dark current between devices with or without camphor in the BHJ, indicating that noise is dominated by the shot noise in the transport channel, which is the same for both types of devices. For comparison, infrared photodiodes operating without an external bias are dominated by thermal noise. 5 However, here, the devices are under bias, and shot noise or flicker noise can overtake the thermal noise component depending on the operational bias and frequency. The measured noise in the accumulation regime (V GS = 0 V) is almost two orders of magnitude higher than in the depletion regime (V GS = −10 V), as shot noise 35 is proportional to the square root of current density.
The highest signal-to-noise ratio, or detectivity, is observed at the turn-on voltage in the dark, namely, at V GS = −10 V in Figure 1d . The specific detectivity 35 is
where A is the photosensor area, Δf is the temporal bandwidth, and NEP is the noise-equivalent power defined as responsivity R divided by noise current i noise . Figure 3c displays the specific detectivity and noise-equivalent power calculated using measurement values from Figure 3a ,b. The best detectivity is obtained from the phototransistor with camphor operating in the depletion regime at V GS = −10 V, and this device shows detectivity that surpasses a commercial germanium photodiode (818-IR, Newport Corporation) in the IR region between 800 and 1300 nm, depending on light power as shown in Figure 4 .
Characteristics with Respect to the Incident Light Power. Another metric for photodetectors is the dynamic range, which indicates the range of incident light power that the photodetector can respond to and is defined as DR = 20 log(P inc,max /P inc,min ), where P inc,max is the maximum light power before saturation and P inc,min is the minimum light power detectable above the noise level. From Figure 4 , the dynamic range is estimated to be 127 dB for the phototransistor with camphor and 116 dB for the device without camphor. The superior dynamic range in the device with camphor is due to the lower detection limit from higher photoconductive gain.
In phototransistors, the photoconductive gain leads to a nonconstant responsivity versus incident light power in Figure  4 , which contrasts with typical photodiodes in which responsivity remains constant with incident light power. In phototransistors, as the incident light power increases, the responsivity decreases because of the distribution of trap states. 20 The photogenerated carriers occupy deep traps first under low light power. The charges in deep traps are slow to escape from the traps due to high activation energy E a , leading to long τ trap and high photoconductive gain and responsivity. Under high light power, the deep trap states are already filled and shallow trap states start to dominate the photodetector response. The shallow traps allow faster detrapping kinetics, resulting in lower τ trap and reduced responsivity. Comparisons between devices with photoconductive gain need to take the light intensity into account; some of the reported high responsivity values and thus high resolution will be valid only at low light levels. As such, the phototransistors are more sensitive at lower incident light power.
■ CONCLUSIONS
The phototransistors here achieve high-performance, broadband spectral response through the effective combination of BHJ for photogeneration and IZO for charge transport. This bilayer design allows independent optimization of each layer. The BHJ is improved with high-permittivity camphor to increase the trapped carrier lifetime, while the IZO layer maintains short carrier transit time. The photogeneration layer can be tuned using different photosensitive polymers for different spectral ranges, and this work uses an infraredsensitive polymer that is responsive in the visible to the infrared, from 500 to 1400 nm.
We examine the device characteristics with respect to operational frequency, applied bias, and incident light intensity, to analyze the dependence of photoconductive gain on these three factors. The devices show peak performance at low illumination power, with the applied gate bias in the depletion regime near the turn-on voltage, and at switching frequencies that allow sufficient time for electron recirculation to maximize photoconductive gain. By understanding these dependences, the phototransistor noise is minimized, and the devices are shown to achieve a detectivity of up to 5 × 10 12 cm Hz 0.5 /W under an incident light of 20 nW/cm 2 and allow operation at a video-frame rate of 50 Hz. This excellent performance shows that the solution-processed infrared phototransistors here provide a path to realize affordable large-area infrared imagers crucial to many spectroscopic applications.
■ EXPERIMENTAL PROCEDURES
Phototransistor Fabrication. A heavily p-doped Si wafer with a 300 nm thermal oxide was UV−ozone-treated for 5 min to remove organic residue and enhance the wettability. The IZO ink consisted of 0.12 M of indium nitrate hydrate and 0.08 M of zinc nitrate hexahydrate in 2-methoxyethanol. 28, 29 The IZO precursor solution was printed using inkjet 36 (Fujifilm Dimatix DMP2800), with the substrate heated at 60°C. The printed IZO film was annealed at 400°C in air for 2 h. For contact electrodes, 40 nm aluminum was thermally deposited in a ∼2 × 10 −6 mbar vacuum. Aluminum was used to match the work function for electron injection/extraction and reducing hole injection/extraction. The transistor channel dimension was 30 μm length × 1000 μm width.
The BHJ solution was prepared by mixing 1 mg/mL of donor polymer and 2 mg/mL of PC 71 BM (>99%, Ossila) in toluene with 3 vol % of diiodooctane (98%, Sigma-Aldrich). The synthesis procedure for the donor polymer is found in the Supporting Information and in refs 26, 37. For films with 1,7,7-trimethylbicyclo[2.2.1]heptan-2one((±)-camphor) (Sigma-Aldrich), the desired weight percentage is added to the BHJ solution (Supporting Information Figure S7 ). Prior to BHJ deposition, the IZO thin-film transistor was rinsed with acetone and isopropanol to remove the organic residue and annealed at 120°C in nitrogen to desorb water molecules. The BHJ solution was spin-coated at 5000 rpm for 60 s and vacuum-dried for 10 min. For encapsulation, the device was sealed with a glass slide bonded with epoxy.
Device Characterization. In the EQE measurements, 38 the monochromatic light source was modulated at 10 Hz by an optical chopper, and the device photocurrent was amplified through a lownoise amplifier (SR570, Stanford Research Systems) and measured with a lock-in amplifier (SRS530, Stanford Research Systems). Filters with cutoff wavelengths of 455, 645, and 1025 nm were used to reduce the scattered light from higher-order diffraction. The incident light power is measured with a Ge photodiode (818-IR, Newport Corporation) for 780−1400 nm range and a Si photodiode (DET36A, Thorlabs) for 460−780 nm. Electrochemical impedance spectroscopy was performed with a potentiostat (SP200, Bio-logic) over the frequency range of 100 Hz to 2 MHz with a 100 mV amplitude, 39 with the phototransistor gate electrode floating.
A lock-in amplifier was used to measure the noise current density. The background noise current external to the device (i.e., preamplifier, leads, etc.) contributed to the total noise current and was measured by connecting the leads with no device in place. The device was connected to the preamplifier at the source and drain electrodes, while external bias voltages were applied to the gate (V GS = 0 or −10 V) and drain electrodes (V DS = 5 V). The background noise was subtracted from the total noise to obtain the device noise. Preamplifier was in low-noise mode, and the noise current density was an average from 10 measurements at each frequency.
To measure the temporal response of phototransistors, a lightemitting diode (LED) with a center wavelength of 940 nm and a spectral width of 50 nm was used as the light source. Light power was tuned by placing neutral density filters over the device. The input voltage waveform to the LED was controlled by a function generator. The transistor photocurrent is converted to voltage through a preamplifier in high bandwidth mode, and the output voltage is recorded by an oscilloscope.
■ ASSOCIATED CONTENT

* S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsami.9b08622.
Semiconducting polymer absorption, energy levels, cyclic voltammetry of the IR-sensitive polymer, and atomic force microscopy data; phototransistor structures and device stability characterization; representative current−voltage characteristics of indium zinc oxide (IZO) transistors in the dark, showing negligible hysteresis (PDF)
